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The  work  funded  on  this  contract  focused  on  the  investigation  of  a  negative  electron 
affinity  (NEA)  photocathode  as  an  electron  beam  source  for  high-performance 
instrumentation.  The  first  work  on  this  subject  consisted  of  a  study  of  the  salient  features 
of  negative  electron  affinity  photoemission.  Soon  thereafter,  an  industrial  partnership 
was  formed  between  Intevac,  Inc.  of  Santa  Clara,  CA  (formerly  of  Palo  Alto,  CA)  and 
Stanford  University.  Because  NEA  photocathodes  had  been  established  as  the  basis  for 
production  third-generation  night  vision  technology,  the  first  experimental  results  we 
obtained  were  produced  in  modified  night  vision  tubes.  Performing  the  initial 
experiments  in  sealed  vacuum  tubes  had  three  practical  advantages.  First,  the  long 
lifetime  and  high  stability  of  cathodes  in  a  sealed  tube  environment  was  already  well- 
characterized  because  of  their  use  in  production  night  vision  technology.  Second,  the 
sealed  tubes  were  relatively  easily  modified  with  the  specialized  electron  optics 
(electrostatic  electrode  system)  needed  to  perform  brightness  and  energy  spread 
measurements.  Third,  the  retrofit  of  the  sealed  tubes  provided  a  low-cost  method  of 
evaluating  multiple  cathodes  and  making  a  preliminary  assessment  of  the  technology’s 
feasibility  for  high  performance  electron  beam  applications.  A  number  of  measurements 
of  the  properties  of  NEA  cathodes  in  sealed  off  tubes  were  made;  these  results  are 
summarized  in  the  first  two  papers  published  under  this  contract  (see  attached)  that  were 
presented  at  the  1995  SPIE  Conference  in  San  Diego,  CA.  These  papers  describe  the 
methods  used  to  characterize  the  brightness,  energy  spread,  and  angular  spread  from  NEA 
photocathodes  in  sealed  tubes.  Unprecedented  brightnesses  of  1  x  10*  A/(cm^sr)  were 


obtained  from  emission  areas  1 .7  |xm  in  diameter,  along  with  energy  spreads  of  between 
50-250  meV,  which  were  found  to  depend  on  the  cathode  and  the  illuminating 
wavelength.  In  addition,  the  emitted  electrons  were  found  to  have  very  small  lateral 
momenta  -  a  clear  electron-optical  advantage.  This  distribution  was  compared  to  a 
theoretical  cosine  distribution  and  was  found  to  be  slightly  superior,  thus  helping  to 
resolve  an  old  controversy  about  the  angular  spread  of  NEA  emission 

A  number  of  theoretical  studies  have  been  performed  on  the  physical  limits  of  the 
operation  of  NEA  photocathodes.  One  such  study  presented  at  the  1995  lEDM  in 
Washington,  DC  showed  that  in  the  limit  of  extremely  high  emission  currents  of  greater 
than  20  microamps  drawn  from  a  0.5  micron  diameter  emission  area,  trapped  charge  at 
the  surface  of  an  NEA  photocathode  will  tend  to  locally  decrease  the  effective  NEA  at  the 
surface,  thus  blocking  further  emission.  This  phenomenon  can  lead  to  a  change  in 
emitted  distribution  of  electrons  at  the  surface  in  the  limit  of  large  trapped  charge  at  the 
surface.  These  results  compared  favorably  with  the  results  obtained  in  sealed  tubes. 

A  second  study,  presented  at  the  1996  EPIBN  Conference  in  Atlanta,  GA  examined  the 
use  of  an  NEA  photocathode  in  a  parallel  electron  beam  direct  write  system.  Using  a 
Monte  Carlo  simulation,  the  effects  of  beam  spacing  and  current  on  beam  blurring  at  the 
wafer  were  evaluated  for  a  simple  electron  optical  system  designed  for  0. 1  micron 
minimum  feature  size  with  a  nominal  beam  diameter  of  30  nm  (for  linewidth  control). 
The  low  energy  spread  of  the  NEA  cathode  allows  a  large  fraction  of  the  current 
generated  by  the  source  to  reach  the  wafer  (between  33%  and  100%,  depending  on  the 
configuration);  thus,  high  throughputs  corresponding  to  2.5  microamps  delivered  at  the 
wafer  may  be  produced  with  acceptable  beam  blurring  (less  than  10  nm).  This  study  has 


formed  the  basis  for  ongoing  work  in  the  area  of  parallel  electron  beam  emission  from  an 
NBA  cathode. 

Based  on  the  fact  that  these  measurements  had  established  that  NBA  photocathodes  have 
brightnesses  comparable  to  and  energy  spreads  superior  to  advanced  field  emission 
sources,  a  decision  was  made  to  construct  a  differentially  pumped,  demountable  UHV 
electron  gun  system  with  the  ability  to  evaluate  the  sensitivity  of  NBA  cathodes  to 
contamination  in  a  more  realistic  vacuum  environment  (i.e.,  with  a  sample  chamber  at  10' 
®  Torr),  activate  cathodes  in  situ,  and  replace  cathodes  with  the  system  still  under  vacuum. 
Preliminary  design  of  this  system  began  in  July  1995,  and  construction  began  in 
November  1995.  To  date,  NBA  photocathodes  have  successfully  been  activated  to 
negative  electron  affinity  with  high  quantum  efficiencies  of  more  than  20%.  In  addition, 
the  electron  gun  portion  of  the  system  has  been  constructed  and  is  currently  being 
evaluated.  In  over  seven  weeks  of  operation,  up  to  80  nA  of  emission  have  been 
produced  with  no  discernable  decay  in  cathode  emission  current  over  this  period. 
Preliminary  stability  data  shows  constant  emission  (to  within  an  accuracy  of  1  %)  over 
three  days  of  measurement.  Blectron-optical  imaging  of  the  cathode  surface,  with  the 
objective  of  measuring  emission  area,  has  been  achieved,  though  further  improvements  in 
resolution  are  planned  to  ensure  the  accuracy  of  brightness  measurements.  Once  this  is 
accomplished,  an  extensive  evaluation  of  cathode  lifetime  and  stability  is  planned,  as  well 
as  measurements  of  brightness  and  energy  spread  on  a  variety  of  cathode  structures. 


After  proper  focusing  of  the  electron  beam  is  achieved,  brightness  and  energy  spread 
measurements  will  follow,  as  well  as  an  extensive  evaluation  of  cathode  lifetime  and 


stability. 
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ABSTRACT 

Brightness,  energy  spread  and  emission  area  are  key  parameters  of  electron  sources  for  instruments  such  as 
electron  microscopes  and  electron  beam  lithography  tools.  In  developing  transmission-mode  NEA 
photocathodes  as  sources  for  these  applications,  these  characteristics  have  been  measured  in  specialized 
sealed  tubes.  Average  lateral  energies  were  measured  at  63  meV  for  a  1 .5  micron  thick  photocathode,  and 
83meV  for  a  0.5  micron  thick  photocathode,  which  was  known  to  be  emitting  "hot"  electrons.  A  current 
density  of  841A/cm^  was  obtained  from  a  1.7  micron  diameter  emission  area.  This  high  current  density  can 
be  explained  in  terms  of  lateral  drift  and  diffusion  of  surface  trapped  electrons.  Combined  angular  and 
current  density  data  indicate  a  brightness  of  -lO^A/cm^-sr  at  3kV. 

Keywords:  negative  electron  affinity,  GaAs,  Cs,  brightness,  energy  spread,  emission  area,  angular 

distribution 

1.  INTRODUCTION 

The  emission  of  photostimulated  electrons  from  a  negative  electron  affinity  surface  was  first  demonstrated 
by  Scheer  and  Van  Laar  1969.^  Since  then,  many  applications  have  developed  which  take  advantage  of 
unique  characteristics  of  negative  electron  affinity  photocathodes  —  their  high  quantum  efficiency  in 
detectors  and  night  vision,^  and  their  ability  to  produce  copious  beams  of  spin-polarized  electrons  at  low 
energy  spreads  in  high-energy  physics^,  and  magnetic  studies  experiments.*^  ^  NEAPCs  have  other 
advantages  as  electron  sources  —  picosecond-scale  switching  time,^  nearly  shot-noise  limited  emission,^ 
and  potentially  high  brightness  due  to  low  angular  spread  of  the  emitted  electrons.  ^  ^  ^ 

The  basic  principle  of  negative  electron  affinity  electron  emission  is  illustrated  in  Figure  1.  The 
photocathode  consists  of  a  semiconductor,  usually  a  III-V  compound  such  as  GaAs,  heavily  p-doped  (1- 
5x10^^)  so  as  to  raise  the  conduction  band  relative  to  the  Fermi  level.  The  clean  semiconductor  surface  is 
coated  with  a  layer  of  Cs  and  O  a  few  monolayers  thick.  This  activation  layer  lowers  the  work  function  so 
that  the  conduction  band  in  the  bulk  is  above  the  vacuum  level  —  a  condition  of  negative  electron  affinity. 
If  electrons  are  excited  into  the  conduction  band  within  a  diffusion  length  (typically  a  few  pm)  of  the 
surface,  many  of  them  will  diffuse  to  the  surface  where  they  will  have  a  high  probability  of  escaping  into 

vacuum.^ 

NEAPCs  have  several  characteristics  that  make  them  potentially  attractive  as  high-performance  electron 
sources  for  electron  beam  microscopy  and  lithography.  They  are  naturally  large-area  and  planar  (cm^  ),  with 
uniform  emission  over  their  surface.^  Transmission-mode  photocathodes  also  have  the  potential  for  small 
emission  areas  (less  than  1  micron),  determined  by  diffraction-limited  imaging  of  light  onto  the 
photocathode.  This  is  an  important  property  if  the  cathode  is  to  be  used  in  microscopy  or  lithography. 
Coupling  these  advantages  leads  to  a  tantalizing  prospect  —  the  emission  of  multiple,  independently- 
controlled  electron  beams  from  a  cathode  surface.  This  possibility,  coupled  with  the  low  energy  spread  and 
the  high  brightness  indicated  by  the  results  presented  in  these  two  papers,  motivate  the  NEXT  E  project 
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Negative  Electron  affinity  extended  area  Transmission-mode  Emitter  —  a  research  and  development  effort  to 
use  NEAPCs  for  high-performance  electron  beam  lithography  and  microscopy. 


Negative  Electron 
Affinity  Photoemission 


3.  Phonon  scattering  relaxes  electron  energy 
to  conduction  band  minimum,  electron 
difluses  to  surface 


100  A 


GaAs 


Cs  +  0 


Vacuum 


Activation 


Layer 


~  1  micron 

Figure  1 .  Band  diagram  of  NEA  Photocathode,  with  schematic  of  escape  process 


As  part  of  this  project,  the  characteristics  of  NEAPCs  key  to  electrons  source  technology  —  energy  spread, 
brightness,  and  emission  area  —  have  been  measured  in  specialized  sealed  tubes  constructed  by  Intevac  EO 
Sensors  Co,  Construction  of  a  prototype  demountable  NEA  electron  gun  is  planned  in  the  near  future.  The 
Intevac  tubes  incorporate  long-lifetime  negative  electron  affinity  photocathodes  with  a  shelf  life  of  over  10 
years  and  large  area  (18mm  dia.);  by  incorporating  specially-shaped  electrodes  into  the  tubes  the  energy 
spread,  angular  spread,  maximum  current  density  and  area  can  all  be  measured  on  the  same  photocathode. 
Results  from  earlier  tubes  of  simpler  designs  will  also  be  discussed. 

2.  TUBE  DESCRIPTIONS 


2.1 .  Basic  tube  +  cathode  description 

All  tubes  mentioned  in  this  paper  were  based  on  night  vision  tubes  developed  by  Intevac.  The  photocathode 
structure  is  depicted  in  Fig.  2.  The  active  region  is  grown  with  an  AlGaAs  electron  diffusion  barrier  and 
then  bonded  to  an  anti-reflection  coating  and  the  glass  that  serves  as  both  the  input  window  and  as  part  of 
the  vacuum  envelope.  All  of  the  photocathodes  were  MOCVD-grown  with  a  (1(X))  orientation  and  p-doped 
with  Zn  to  the  specified  levels. 

To  make  a  tube,  the  active  region’s  surface  is  cleaned  and  etched  in  a  proprietary  process,  and  is  then 
transferred  into  a  UHV  system  where  the  cathode  is  heat  cleaned  and  the  active  layer  surface  is  exposed  to  Cs 
and  O  to  activate  it  to  NEA  in  another  proprietary  process.  The  cathode  structure  is  then  indium  sealed  onto 
the  input  end  of  a  tube.  The  tubes  consist  of  a  stack  of  annular  alumina  spacers  and  kovar  electrodes  brazed 
into  a  cylinder  that  is  ended  by  an  output  consisting  of  an  aluminized  phosphor  coated  over  a  fused  fiber 
optic  bundle  that  carries  the  image  on  the  phosphor  out  to  a  surface  where  it  can  be  imaged  easily.  The 


SP/£  Vo/.  2522  /  209 


electrodes  used  were  of  two  basic  types:  simple,  annular  electrodes  that  did  not  extend  into  the  interior 
volume  of  the  tube,  meant  to  exclude  external  fields  and  to  define  uniform  fields  within  the  tube;  and 
specialized  electrodes  that  extended  across  the  tube  diameter.  The  latter  electrodes  included  apertures  acting 
as  electron  optical  elements,  for  spot  size  and  maximum  current  measurements,  and  knife  edges,  for  angular 
spread  measurements,  as  well  as  open  areas  of  clear  line-of-sight  between  the  cathode  and  phosphor.  The 
specialized  electrodes,  as  well  as  the  cathode  and  phosphor,  were  biased  directly  by  DC  power  supplies.  The 
annular  electrodes  were  biased  by  resistor  chains,  with  the  resistor  values  proportional  to  the  electrode¬ 
electrode  distance  to  establish  as  close  of  an  approximation  to  a  uniform  field  as  possible.  The  resistors 
were  typically  5-lOMQ  for  ceramics  i-2mm  wide. 


Figure  2.  Schematic  of  transmission  photocathode  structure. 


2.2.  Tube  Design  1 

This  tube  was  intended  to  measure  angular  spread,  energy  spectra,  spot  size,  and  maximum  current,  all  on 
the  same  cathode.  The  specialized  electrodes  are  shown  in  Figure  3.  Electrodes  1  and  2  effected  a  number  of 
two-electrode  lenses  above  the  cathode  surface,  intended  to  accelerate  and  either  focus  or  collimate  the 
emitted  electrons.  The  lens  used  for  the  emission  area  and  current  density  measurements  is  indicated  in 
figure  3;  a  simulation  of  this  lens  in  use  to  focus  emitted  electrons  onto  the  phosphor  is  shown  in  figure  5. 
A  third  specialized  electrode  incorporated  a  knife  edge  8.4  mm  from  an  exposed  part  of  the  cathode  surface; 
this  edge  was  used  for  the  angular  analysis  measurements  presented  below.  Figure  4  illustrates  the  use  of 
this  edge  in  an  angular  spread  measurement.  The  phosphor  was  placed  14mm  from  the  cathode  surface. 
Several  of  the  holes  in  the  electrodes  were  not  used  in  the  experiments  described.  The  specialized  electrodes 
were  all  made  from  5-mil  thick  kovar  stock.  The  front  of  the  first  electrode  (the  closest  to  the  cathode)  was 
coated  with  C  before  the  cathode  was  sealed  onto  the  tube  to  ensure  a  uniform  work  function  and  prevent 
charging;  this  coating  was  critical  for  the  energy  spectrum  measurements.  The  ceramics  and  annular 
electrodes  were  shielded  during  this  evaporation. 

2.3.  Tube  Design  2 

Tube  design  2  was  intended  to  achieve  high  magnification  imaging  of  the  emitted  electrons  onto  the 
phosphor.  To  accomplish  this  it  uses  two  cascaded  lenses,  one  near  the  cathode  (similar  to  design  1),  and 
an  einzel  lens  approximately  halfway  between  the  cathode  and  the  phosphor.  The  electrodes  leave  an  area  of 
the  cathode  with  direct  line  of  sight  to  the  phosphor,  and  angular  spread  data  was  derived  from  the  pattern  of 
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electrons  striking  the  phosphor  as  described  below.  The  distance  from  cathode  to  phosphor  is  somewhat 
longer,  24.4  mm,  than  in  design  1,  facilitating  these  measurements.  The  electrode  drawings  are  not  shown 
because  the  angular  data  presented  here  should  not  depend  on  the  details  of  the  electrode  shape. 


Electrode  #1 


Electrode  #2 


Figure  3.  Drawings  of  Tube  Design  1  electrodes.  Height  in  mm  of  front  surface  above  cathode:  Electrode 
#1:  0.33  ;  Electrode  #2:  1.40;  Electrode  #3:  8.36;  Phosphor:  14.8. 
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Figure  4.  Schematic  Depiction  of  knife-edge  angular  analysis  mode  (not  to  scale). 


Figure  5.  SIMION  simulation  of  center  lens  in  Tube  Design  #1  imaging  cathode  surface  onto  phosphor 
with  5.4x  magnification.  1:  photocathode,  0  V,  2:  first  electrode,  ~20  V,  adjusted  for  focus.  3:  second 
electrode,  1500  V.  4:  phosphor,  3000  V. 


3.  EXPERIMENTAL  ARRANGEMENT 

The  experimental  setups  is  illustrated  in  figure  6.  Light  from  a  5mW  HeNe  laser  or  a  filtered  lOOW  Hg  arc 
lamp  was  focused  into  a  microscope  objective  that  then  focused  the  light  through  a  pinhole.  A  3  micron 
diameter  pinhole  was  used  for  the  spot  size  and  angular  spread  measurements,  and  pinholes  up  100  microns 
in  diameter  were  used  for  energy  spread  measurements,  for  which  the  spot  size  was  not  as  critical.  (See 
figures  4  and  5.)  A  microscope  objective  was  then  used  to  collect  the  light  from  the  pinhole  and  focus  it  to 
an  intermediate  image.  This  image  was  then  focused  onto  the  photocathode  active  region  by  a  special  two- 
lens  system,  designed  on  SuperOSLO  to  compensate  for  the  spherical  aberration  of  the  5  mm  thick  glass 
substrate  of  the  cathode,  which  forms  part  of  the  tube's  vacuum  wall.  With  a  6.3x  objective  collecting  the 
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light  from  the  pinhole,  the  final  image  was  nominally  demagnified  from  the  pinhole  by  3x.  The  numerical 
aperture  of  the  system  was  approximately  0.5.  The  final  lens  system  could  be  finely  translated  in  all  three 
axes  parallel  and  perpendicular  to  the  optical  axis  to  achieve  the  best  imaging  on  the  photocathode  surface. 
The  tube  assembly  could  also  be  finely  translated  in  both  directions  perpendicular  to  the  optical  axis. 

To  shield  the  tube  from  magnetic  fields,  the  tube  was  initially  placed  in  a  cylinder  made  from  100  mil 
Carpenter  high  permeability  "49"  alloy,  annealed  at  2100°F  for  4.5  hours.  The  final  lens  was  mounted  on 
a  snout  that  screwed  into  a  cap  that  covered  one  end  of  the  tube.  Both  the  snout  and  the  cap  were  made  from 
the  Carpenter  alloy  as  well  with  the  same  annealing  process.  The  snout  held  the  final  lens  close  to  the 
photocathode,  as  well  as  preventing  the  penetration  of  magnetic  fields  through  the  lens  opening.  The  axial 
magnetic  field  near  the  center  of  the  shielding  tube  was  measured  to  be  less  than  10  milligauss  regardless  of 
orientation;  the  construction  of  the  magnetometer  prevented  measurement  of  any  other  components,  but 
they  are  expected  to  be  equally  low.  The  tubes  were  also  degaussed  to  eliminate  any  residual  magnetization 
of  the  electrodes. 
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Figure  6.  Experimental  setup  for  Mark  HI  tube  w/  laser 

All  experiments  were  performed  in  a  blacked-out  room,  with  the  cathode  shielded  against  any  stray 

light. 

When  current  striking  a  given  electrode  was  monitored,  the  illumination  was  modulated  by  an 
optical  chopper  at  140Hz.  The  shielded  electrode  lead  was  connected  to  ground  through  a  Keithley 
preamplifier  with  a  gain  of  10^.  After  bandpass  filtering  the  signal  was  measured  by  a  lock-in  amplifier. 
This  arrangement  minimized  noise  and  drift. 


4.  BRIGHTNESS 


Paraxial  brightness,  defined  as  the  current  density  per  steradian  (A/cm^-sr)  close  to  the  optical  axis 
at  a  given  voltage,  is  a  crucial  parameter  of  any  electron  source,  and  for  high-performance  electron  beam 
systems  it  must  be  as  high  as  possible.  Thermal  field  emission  electron  sources  now  used  in  such  systems 
can  attain  brightnesses  of  approximately  lO'^-lO^A/cm^-sr  at  3kV  accelerating  voltage.  The  best  available 
brightness  data  from  NEA  photocathodes  previous  to  this  work  is  that  of  Sanford,  who  measured  a  DC. 
brightness  of  roughly  5x10^  A/cm^-sr  at  3kV  from  an  emission  area  of  approximately  15  microns 
diameter.^  This  source  size  and  brightness  are  inadequate  for  the  most  demanding  applications,  such  as 
metrology  and  lithography  in  the  semiconductor  industry. 


SPIEVol.  2522/213 


The  brightness  of  an  electron  source  depends  on  two  key  factors:  the  current  density  at  the  cathode  surface 
and  the  angular  distribution  of  the  emitted  electrons.  Separate  techniques  were  used  to  measure  these  two 
factors,  and  then  the  data  were  combined  to  determine  the  brightness. 

4.1.  Angular  Distribution 

When  the  electrons  enter  into  the  surface  depletion  region,  they  have  thermal  energies  (i.e.  on  the  order  of 
kT).  In  the  depletion  region,  the  electrons  are  accelerated  only  in  the  direction  normal  to  the  surface  —  i.e., 
their  lateral  energy  is  not  affected  by  the  built-in  field.  Thus  it  might  be  expected  that  the  electrons  would 
be  emitted  with  lateral  energies  on  the  order  of  kT.  Several  mechanisms  intervene,  however,  to  change  this 
picture.  Scattering  fi-om  phonons  in  this  region  can  randomize  the  momentum  gained  from  the  built-in 
fields,  increasing  the  lateral  energy  spread.  At  the  surface  the  electrons’  lateral  energy  may  be  reduced  by 
quantum  refraction;  if  the  interface  is  sufficiently  smooth,  the  sudden  change  in  quantum-mechanical 
wavelength  should  deflect  the  electron's  momentum  toward  the  surface  normal.^  According  to  the  idealized 
theory,  the  energy  of  the  electron's  lateral  motion  should  be  reduced  by  the  ratio  of  the  electron's  effective 
mass  to  its  vacuum  mass.  An  uneven  activating  layer  or  semiconductor-activator  interface  could  lessen  or 
eliminate  this  effect.  Finally,  the  electrons  may  suffer  scattering  within  the  activation  layer,  which  is 
widely  believed  to  be  amorphous.  ’ ' 

To  measure  the  angular  distribution  of  the  emitted  electrons,  two  different  techniques  were  used.  In  both 
cases  a  small  spot  (-several  microns)  on  the  cathode  surface  is  illuminated  in  an  area  which  is  in  direct  line- 
of-sight  to  the  phosphor.  A  uniform  electric  field  is  created  within  the  tube  by  appropriate  biasing  of  the 
electrodes  (specialized  and  annular),  cathode,  and  phosphor  so  that  the  electrons  follow  parabolic  trajectories. 

In  the  first  technique,  carried  out  in  tube  design  1,  the  tube  is  translated  across  the  light  beam  so  that  an 
edge  of  the  third  electrode  (8.36  mm  above  the  cathode)  cuts  across  the  beam.  The  current  absorbed  by  the 
knife  edge  is  measured  vs.  position,  then  differentiated  and  both  axes  were  scaled  to  obtain  the  presented  data 
(figure  7).  10-50pA  of  current  were  used  for  the  measurements.  The  photoemission  efficiency  of  the 
photocathode  was  measured  to  be  constant  within  ±5%  in  this  region.  The  voltage  from  the  cathode  to  the 
knife  edge  varied  from  6  to  12  V.  In  this  case  the  active  region  of  the  cathode  was  GaAs,  1 .5  microns 
thick,  doped  lO'^cm'^,  activated  to  approximately  lOOmeV  NEA. 

In  the  second,  improved  technique,  performed  in  tube  design  2,  the  electrons  strike  the  phosphor  with 
energies  ranging  from  3500-5(X)0eV.  The  distribution  of  the  light  emitted  by  the  phosphor  is  transmitted 
by  the  fiber  optic  bundle  to  its  back  surface,  where  the  pattern  is  imaged  into  a  CCD  camera  by  a 
microscope  objective  attached  to  a  barrel  extending  from  the  camera.  The  video  signal  is  digitized  and  stored 
in  a  computer  by  means  of  a  frame  grabber  board;  it  was  then  analyzed  to  obtain  the  radial  distributions 
presented.  The  phosphor  showed  no  signs  of  nonlinearity  at  the  intensities  used.  From  0.1  to  5  nA  of 
current  were  drawn  to  make  the  measurement;  less  was  drawn  for  the  higher  voltages,  as  the  phosphor  was 
more  sensitive  to  higher-energy  electrons  in  this  energy  range.  A  typical  video  image  is  shown  in  figure 
8.  A  distribution  of  current  density  vs.  angle,  derived  from  the  video  data,  for  a  theoretical  acceleration 
voltage  of  3000V  is  shown  in  figure  7.  In  this  case  the  active  region  of  the  cathode  was  GaAs,  0.5  microns 
thick,  doped  8xl0*^cm'3,  activated  to  approximately  120meV  NEA.  The  energy  spectrum  of  the  cathode 
was  very  similar  to  those  of  a  cathode  discussed  in  Part  2,  also  0.5  micron  thick  with  a  similar  (5%) 
quantum  efficiency  at  633  nm.  Hot  electrons  make  up  a  significant  portion  of  both  spectra,  and  may  well 
influence  the  angular  distribution  as  well,  as  the  hot  electrons  can  enter  the  band-bending  region  with  lateral 
energies  far  higher  than  those  of  the  thermalized  electrons. 

The  raw  data  for  the  knife  edge  technique  suffered  from  significant  asymmetry,  especially  for  the  lower 
accelerating  voltages;  this  effect  was  likely  due  to  scattered  primary  and  secondary  electrons.  The  light 
distributions  on  the  phosphor  were  consistently  radially  symmetric,  and  the  derived  angular  distribution 
showed  no  variation  with  voltage  in  the  range  used.  The  former  data  show  an  average  lateral  energy  (taking 
the  whole  radial  distribution  into  account)  of  63meV;  the  latter  show  an  average  of  83meV.  This  difference 
is  probably  due  to  the  presence  of  hot  electrons  in  the  latter’s  emission;  in  both  cases  633  nm  radiation  was 
used,  but  the  thinner  cathode's  energy  spectrum  showed  a  significant  amount  of  hot  electrons  (c.f.  Part  2). 
Previously  other  researchers  have  reported  average  lateral  energies  of  over  KKhneV  for  fully  activated  GaAs 
NEA  photocathodes  *2  >3.  Sanford  reported  an  average  lateral  energy  of  31meV.  These  differences  may  be 
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due  to  differences  in  measurement  technique,  experimental  error,  or  to  differences  in  the  heat  cleaning  and 
activation;  a  larger  NEA  may  well  lead  to  larger  lateral  energies,  as  more  highly  scattered  electrons  can 
escape  the  cathode.^  Other  causes  could  include  micropitting  or  changes  in  the  level  of  scattering  in  the 
activation  region 


Figure  7.  Current  density  vs.  angle,  for  the  knife  edge  technique  in  tube  design  1  (dashed  line),  and  from 
the  CCD  technique  using  tube  design  2  (solid  line).  Semi  angle  based  on  a  3000V  accelerating  potential 
and  unity  magnification. 
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Figure  8.  Typical  video  image  of  phosphor  in  angular  analysis  mode.  4000V  cathode  to  phosphor. 
Field  of  view  on  phosphor:  952  x  714  microns. 


4.2.  Spot  Size  &  Current  Density 


Work  by  Herrera-Gomez  and  Spicer  into  the  limitations  of  current  density  in  nanosecond-pulsed,  large  area 
(cm^),  high  current  (--lOA)  NEA  electron  sources  found  that  the  key  limiting  factor  was  the  dipole  formed 
by  electrons  that  are  trapped  at  the  surface  after  losing  too  much  energy  to  escape  from  the  photocathode. 

The  field  caused  by  this  build-up  of  charge  at  the  surface  raises  the  vacuum  level  relative  to  the  bulk, 
lowering  the  NEA  and  cutting  off  the  emission  of  electrons.  A  simple  model  of  thermionic  emission  over 
the  band-bending  region  barrier  was  found  adequate  to  fit  the  pulse  power  vs.  current  emitted  for  a  GaAs 
photocathode  doped  to  2x10^^  cm"^  at  several  different  stages  of  activation.  ^5  Tunneling  of  holes  through 
the  bairier  may  also  become  important  in  cathodes  even  more  heavily  doped. 


In  our  work  we  concentrate  on  a  different  regime:  DC  emission  from  a  micron-  or  submicron-sized  spot.  In 
this  case,  the  lateral  diffusion  and  drift  of  the  trapped  electrons  has  a  far  greater  role  in  determining  the 
dipole  that  cuts  off  electron  emission. 

To  obtain  an  order-of-magnitude  calculation  of  the  importance  of  lateral  diffusion  and  drift  of  the  trapped 
electrons,  it  is  useful  to  employ  a  simple  one-dimensional  model  of  the  trapped  electrons.  Since  the  light 
spot  is  radially  symmetrical,  it  is  natural  to  use  radial  coordinates  centered  on  the  light  spot.  Considering 
an  area  on  the  cathode  surface  of  radius  r  in  the  steady  state,  the  current  flow  in  and  out  must  be  equal,  i.e. 


,  =q  R  +  27C  r  q  (Dn^  +  M-ns  -gp) . 


(1) 


where  lo-ap  is  the  rate  at  which  electrons  are  trapped  within  the  radius  r,  R  is  the  rate  of  recombination  of 
electrons  within  the  radius  r,  cy(r)  is  the  sheet  density  of  electrons  at  the  radius  r,  is  the  voltage  on  the 
surface,  and  and  jLL„s  are  the  lateral  diffusion  constant  and  lateral  mobility  of  the  trapped  electrons 
respectively.  Let  N(r)  be  the  total  number  of  electrons  within  the  radius  r.  Let  Vq  be  the  voltage  at  the 
center  of  the  spot  relative  to  the  surface  far  from  the  center.  Now  assume  that  r  is  roughly  the  l/e^  radius 
of  the  emission  spot.  For  the  purposes  of  order-of  magnitude  calculations. 
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Using  also  the  fact  that  |LLj^j. ,  the  drift  and  diffusion  part  of  equation  1  becomes: 


2itq(”  +  Vo)n„^^ 


(3) 


Assuming  is  lO'^  smaller  than  the  bulk  mobility,  SSOOV-cm/s^,  and  that  Vg  =  0.2V  (a  typical  value 
for  the  negative  electron  affinity),  this  gives  a  fractional  change  of  N(r)  per  second  of 


where  r  is  in  cm.  This  means  that  for  a  spot  radius  of  l|Lim  all  of  the  trapped  electrons  will  drift  or  diffuse 
out  within  0.2  nanoseconds! 


The  charge  density  necessary  to  raise  the  surface  voltage  by  V  is  a 


1 


where  1  is  the  width  of  the 


band  bending  region.  This  equation  assumes  that  all  of  the  trapped  charge  is  concentrated  at  the  surface. 

For  typical  doping  levels,  1  =  100  A,  so  if  V  =  0.2V,  C  =  2.3x10'^  C/cm^.  From  the  above  calculations, 
a  1  micron  diameter  spot  with  this  electron  density  would  have  an  outward  current  flow  of  21|iA,  which 
translates  to  a  current  density  of  2622  A/cm^.  In  comparison,  thermionic  emission  of  holes  to  the  surface 
can  be  estimated,  in  the  manner  of  Herrera-Gomez,  by  the  standard  model  of  a  biased  semiconductor-metal 
contact,  with  zero-current  band  bending  of  0.5  V  and  a  forward  bias  of  0.2  V;  this  gives  a  hole  current 
density  two  orders  of  magnitude  lower  than  the  lateral  current  of  trapped  electrons  calculated  above.  Thus 
the  lateral  movement  of  electrons  should  be  the  dominant  effect  determining  the  density  of  the  trapped 
electrons  and  thus  the  maximum  current  density. 


Monte  Carlo  modeling  of  electron  dynamics  the  band-bending  region  suggests  that  the  rate  of  escape  into 
vacuum  for  electrons  in  the  band-bending  region  should  be  comparable  to,  if  not  greater  than,  the  trapping 
rate.  Thus  current  densities  of  lOOO's  of  A/cm^  or  greater  are  expected  for  spot  sizes  in  the  micron  and 
submicron  range.  This  should  be  compared  to  current  densities  of  --100  A/cm^  for  the  best  LaB^  sources. 


A  two-dimensional  computer  model  is  currently  being  developed  which  takes  into  account  the  diffusion  of 
electrons  in  the  bulk,  the  drift  and  diffusion  of  the  surface-trapped  electrons,  and  the  interaction  between 
these  two  distributions.  Initial  results  are  supportive  of  the  results  presented  here. 

The  special  lens  configuration  described  in  the  experimental  description  section  above  was  used  to  focus 
light  from  a  5mW  HeNe  laser  to  a  small  spot  on  the  photocathode  centered  beneath  the  electron  lens 
indicated  in  figure  3.  (Tube  design  1,  with  the  1.5  micron  thick  GaAs  photocathode  described  in  the  angular 
analysis  section,  was  used  for  these  measurements.)  The  emitted  electrons  were  accelerated  and  focused 
onto  the  phosphor,  14.8  mm  away.  Simulations  of  the  electron  optics  using  SIMION  showed  a  5.4x 
magnification  of  the  cathode  surface  onto  the  phosphor.  (Fig.  5)  The  voltages  used  in  the  simulation 
agreed  well  with  those  used  in  practice;  differences  were  small  enough  to  be  attributable  to  work  function 
variation,  machining  errors,  and  computational  errors. 


A  16x  microscope  objective  focused  the  light  from  the  fiber  optic  output  into  a  CCD  camera.  This  image 
was  sent  to  a  television  screen  where  it  was  measured.  In  this  way,  the  smallest  spot  on  the  phosphor  was 
estimated  to  have  a  1/e^  diameter  of  9.4±2  microns.  This  translates  to  a  1 .7±0.4  micron  emission  area. 
The  main  obstacle  to  determining  the  minimum  spot  size  turned  out  to  be  the  size  of  the  fibers  in  the 
bundle;  since  they  are  spaced  6  microns  center-to-center,  estimating  the  spot  diameter  was  quite  risky.  The 
best  estimate  was  obtained  by  moving  the  spot  around  over  several  fibers  and  guessing  at  an  average 
diameter.  The  fact  that  the  phosphor  particles  are  -2  microns  in  diameter  should  also  be  noted.  Even  with 
all  of  these  uncertainties,  it  is  still  clear  that  the  emission  area  is  less  than  a  few  microns,  a  regime  of 
operation  that  has  never  before  been  reported. 
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The  current  density  achievable  in  this  configuration  was  then  investigated.  Keeping  the  light  optics  fixed, 
the  electron  optics  were  changed  to  provide  a  high  (3000V/mm)  field  at  the  cathode  surface;  the  cathode  was 
at  -20V,  the  first  electrode  at  lOOOV,  the  second  electrode  was  placed  at  -lOV,  and  the  collector  was  set  to 
+0V  to  collect  the  emitted  electrons.  In  this  way  it  was  hoped  to  minimize  electron-stimulated  desorption 
while  maintaining  a  high  field  on  the  photocathode.  By  removing  OD  filters  from  the  beam,  the  light  level 
was  increased,  and  the  emitted  current  was  measured.  The  results  are  shown  in  Fig.  9.  If  the  diameter  of 
the  emission  spot  is  assumed  to  stay  the  same  as  the  current  is  increased,  the  current  density  can  be 
approximated  by  assuming  uniform  emission  over  the  diameter  of  the  spot  (1.7  microns).  This  technique 
yields  841A/cm2  fQj-  the  highest  current  level  attained.  It  should  be  noted  that  the  uncertainty  in  the  spot 
size  translates  to  an  uncertainty  of  approximately  ±50%  in  the  current  density;  in  spite  of  this,  the  current 
densities  demonstrated  by  this  measurement  are  vastly  higher  than  have  ever  been  reported  from  an  NE^C 
before.  Furthermore,  the  continuing  upward  slope  of  the  current  vs.  light  curve  indicates  that  the  maximum 
current  density  may  be  much  higher  than  what  was  measured;  the  optical  setup  could  not  deliver  any  more 
optical  power  to  the  spot. 


Figure  9.  Current  vs.  633nm  light  power  for  1.7)im  diameter  spot 

An  attempt  to  measure  the  spot  size  and  shape  vs.  current  density  was  made.  To  do  so,  the  sensitivity  of 
the  phosphor-CCD  system  had  to  be  reduced.  This  was  achieved  by  reducing  the  landing  energy  of  the 
electrons  to  3000V,  and  by  employing  the  electric  iris  of  the  CCD  camera.  The  spot  size  was  found  to  stay 
constant  (-1.7  micron  diameter)  to  within  the  precision  of  the  technique  (-±0.3  microns)  from  a  current  of 
50  pA  up  to  a  current  of  almost  0.1mA;  at  around  that  current  level  the  spot  size  seemed  to  increase  several 
times  (3-8x)  and  became  asymmetrical.  It  seems  unlikely  that  this  could  be  an  actual  increase  in  emission 
area  size,  as  the  effect  of  current  is  expected  to  rise  gradually.  The  possibility  of  space-charge  interaction 
outside  the  cathode  is  important,  as  the  lens  arrangement  has  only  a  low  field,  165V/mm,  above  the 
cathode,  where  the  electrons  are  tightly-packed  and  slow-moving;  at  0.1mA,  for  this  field,  there  are  an 
average  of  20  electrons  in  the  first  15mm  of  space  above  the  cathode.  For  the  total  current  measurements, 
the  field  was  much  higher,  over  3000  V/mm. 

Tube  design  2  incorporates  two  cascaded  lenses  to  achieve  high  magnification  imaging  of  the  emission  spot 
onto  the  cathode  —  up  to  96x  in  simulation.  The  first  lens  is  similar  to  that  of  design  1,  but  it  is  designed 
for  operation  with  a  high  field  (-4000V/mm)  on  the  cathode;  it  focuses  the  beam  to  a  magnified  real  image 
that  is  then  focused  by  the  second  lens,  an  einzel  lens,  onto  the  phosphor.  This  measurement  technique, 
which  should  be  more  accurate  and  allow  measurement  at  much  higher  current  without  the  problems  of 
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space  charge  and  nonlinearity  of  phosphor  response  encountered  using  tube  design  2.  The  thinner 
photocathode  (0.5  microns)  in  this  tube  should  also  provide  a  smaller  emission  area.  Results  from  this 
tube  are  forthcoming. 

4.3.  Derived  Brightness 

The  results  of  the  knife  edge  angular  analysis  and  the  current  density  data  for  the  1.7  micron  diameter 
emission  area  from  the  same  1  .Smicron  thick  photocathode  in  tube  design  1  were  combined  to  estimate  the 
brightness  of  such  a  cathode  operating  under  the  condition  of  an  ultrasmall  spot  size.  The  data  indicate  a 
brightness  of  at  least  10^  A/cm^-sr  at  3kV,  for  semi-angles  of  less  than  0.5  milliradians  at  unity 
magnification.  This  angle  is  specified  because  typical  electron  beam  systems  require  probe  sizes  much 
smaller  than  a  micron,  which  will  require  demagnification  that  will  limit  the  angular  range  of  the  electrons 
used  to  a  value  in  this  range  (<1  milliradian). 

5.  SUMMARY  OF  RESULTS 

The  angular  distribution  of  NEA  GaAs  photocathodes  have  been  measured  in  specialized  sealed  tubes.  The 
results  indicate  an  average  lateral  energy  of  63  meV  for  a  1.5  micron  thick  photocathode,  and  83meV  for  a 
0.5  micron  thick  photocathode,  which  was  known  to  be  emitting  some  "hot"  electrons.  These  average 
lateral  energies  are  somewhat  less  than  those  that  have  been  reported  elsewhere. 

Emission  areas  of  1.7microns  in  diameter  have  been  produced  and  measured  on  NEA  photocathodes. 
Consistent  with  a  new  theory  of  the  lateral  movement  of  trapped  electrons,  the  micron-scale  spots  show  DC 
current  densities  far  higher  than  has  reported  previously  -  approximately  841  A/cm^  at  the  maximum  light 
power  in  the  experimental  arrangement.  Significantly  higher  current  densities  may  be  achievable  with 
greater  light  intensity  and/or  smaller  emission  areas.  This  result,  combined  with  the  measured  narrow 
angular  spread,  indicate  a  brightness  of  approximately  lO^A/cm^-sr,  a  brightness  comparable  to  that  of  field 
emission  sources. 
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ABSTRACT 

The  energy  spectra  of  electrons  emitted  from  transmission-mode  negative  electron  affinity  photocathodes 
have  been  measured  at  high  resolution  using  a  parallel-plate  retarding  technique  .  The  spectra  from  GaAs 
photocathodes  have  a  basic  structure  that  varies  with  temperature,  activation  layer  qualities,  cathode 
thickness,  and  illuminating  wavelength.  A  FWHM  energy  spread  of  approximately  50meV  at  room 
temperature  has  been  achieved.  Spectra  from  a  GaAsP  cathode  show  a  markedly  different  structure  and  a 

much  wider  energy  spread. 
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1  INTRODUCTION 

Negative  electron  affinity  (NEA)  photocathodes  are  being  researched  as  possible  high-performance 
photocathodes  for  electron  beam  applications  such  as  microscopy  and  lithography.  For  many  of  these 
applications,  especially  microscopy  employing  low  landing  voltage  (<lkV),  the  energy  spread  of  the 
electrons  is  a  key  factor  affecting  resolution.  The  potentially  low  energy  spread  of  electrons  emitted  from 
NEA  photocathodes  is  thus  very  attractive,  and  the  need  to  quantify  the  factors  affecting  energy  spread  is 
also  clear.  Another  motivation  for  the  measurement  of  the  energy  spectra  of  electrons  emitted  from  these 
cathodes  is  that,  if  sufficient  resolution  is  achieved,  much  information  can  be  gleaned  from  the  spectra  about 
electron  dynamics  within  the  cathode,  and  the  condition  of  the  activating  surface. 

2  EXPERIMENTAL  ARRANGEMENT 

The  specialized  sealed  tubes  used  in  these  experiments  are  described  in  Part  1 .  The  experimental  setup 
shown  in  Part  1  was  used  for  the  presented  room  temperature  data.  For  the  low  temperature  data,  the  tube 
was  placed  in  a  PMT  cooler,  which  could  lower  the  temperature  of  the  tube  as  low  as  1 70K.  Because  of  the 
thickness  of  the  double-walled  window  into  the  cooler,  the  special  lens  system  described  in  Part  1  could  not 
be  used,  and  a  50  mm  focal  length  lens  was  used  instead.  The  arrangement  is  shown  in  figure  1.  The 
temperature  of  the  tube  was  measured  with  a  thermocouple  in  contact  with  the  tube  body.  The  energy 
spectra  indicated  temperature  variations  if  the  tube  were  not  given  enough  time  to  equalize  with  the  coolers 
walls;  generally  1  hour  of  equilibration  time  was  allowed  between  spectra  taken  at  different  temperatures.  In 
all  cases  the  illuminated  area  on  the  photocathode  was  less  than  100  microns  in  diameter 

,3.  NEA  ELECTRON  ENERGY  SPREAD  —  DISCUSSION 

In  a  typical  NEAPC,  electrons  are  excited  by  above-bandgap  light  into  the  conduction  band,  where  they 
rapidly  relax  to  a  thermalized  distribution  (after  traveling  typical  distances  of  ~300A)  through  interactions 
with  optical  phonons.^  In  a  transmission-mode  photocathode,  the  absorption  length  of  the  light  and  the 
cathode  thickness  (typically  -1  micron)  determine  the  number  of  electrons  that  are  excited  close  to  the 
cathode  surface;  if  the  active  region  thickness  (henceforth  referred  to  as  the  cathode  thickness)  is  at  least  a 


0-8794-1909-5/95/56.00 


spiEVoL  2550  n  as 


few  times  the  absorption  length,  almost  all  the  electrons  reaching  the  surface  will  be  thermalized  into  a 
Maxwell-Boltzmann  distribution.  If  the  cathode  is  not  so  thick,  hot  electrons  may  be  observed  in  the 
emitted  spectrum. 


PMT  Cooler 


filter  (632.8  nm)  double-walled  cathode  phosphor 

plastic  window 
for  PMT  Cooler 


Figure  1.  Experimental  arrangement  with  PMT  Cooler. 


Some  of  the  thermalized  electrons  may  escape  without  losing  energy;  these  form  the  higher-energy  part  of 
the  energy  spectrum  along  with  any  hot  electrons.  Many  electrons,  however,  lose  energy  to  phonons  in  the 
band-banding  region  and  possibly  the  activation  layer.  These  form  the  lower-energy  part  of  the  spectrum. 
The  vacuum  level,  the  minimum  energy  of  an  electron  immediately  above  the  cathode  surface,  forms  a  low- 
energy  cutoff  for  the  spectrum;  electrons  whose  energies  fall  below  this  level  cannot  escape. 

4.  MEASUREMENT  TECHNIQUE 

All  of  the  energy  spectra  presented  here  were  obtained  using  a  parallel-plate  geometry.  High  resolution 
energy  spectra  have  been  reported  using  this  technique.^  The  current  arriving  on  the  front  surface  of  the 
first  electrode  (325  and  570  microns  from  the  cathode  for  tube  designs  1  and  2  respectively)  was  measured  as 
the  voltage  between  them  was  varied  slowly,  obtaining  an  I  vs.  V  curve.  Differentiating  this  curve,  after 
normalizing  for  the  light  level  (measured  by  the  beamsplitter  and  photodiode),  obtains  the  presented  energy 
spectra.  To  stay  as  close  as  possible  to  a  parallel-plate  geometry,  the  beam  spot  was  kept  at  least  a  few 
mm  from  any  holes  or  edges  in  the  collecting  surface,  or  the  edge  of  the  cathode.  Work-function  variation 
over  the  surface  of  the  collector  also  had  to  be  minimized.  This  was  accomplished  in  tube  designs  1  and  2 
with  a  carbon  coating  approximately  50nm  thick  applied  to  the  collector  surface  before  sealing  the  tube 
using  vacuum  evaporation.  When  either  or  both  of  these  rules  were  violated,  a  low-energy  tail  sometimes 
emerged  in  the  energy  spectrum. 

When  the  photocathodes  were  fully  activated,  very  little  variation  of  the  energy  spectra  were  seen  over  the 
period  of  measurement  for  each  tube  (several  days).  For  the  overcesiated  cathode  presented  below, 
significant  movement  of  the  vacuum  level,  up  to  20meV/day,  was  observed,  as  the  cesium  balance  on  the 
cathode  surface  improved. 

It  should  be  noted  that  the  parallel-plate  geometry  only  measures  the  energy  of  the  electrons’  motion 
normal  to  the  cathode  surface.  Thus,  the  energy  spectra  presented  are  actually  the  "normal  energy"  spectra. 
However,  as  shown  in  the  angular  spread  section  of  Part  I,  the  electrons  emitted  from  the  cathode  are  at 
least  somewhat  "forward-focused";  i.e.  many  electrons  are  emitted  at  angles  close  to  the  surface  normal. 
This  property  of  emission  would  tend  to  make  energy  spread  measured  more  similar  to  the  true  total  energy 
spread.  This  idea  is  supported  by  the  seemingly  high  resolution  of  features  in  the  energy  spectra.  It  should 
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also  be  noted  that  energy  spectra  obtained  this  way  will  always  give  a  "pessimistic”  —  i.e.  larger  — 
measure  of  the  emitted  electrons'  energy  spread  for  electron  optics  purposes.' 


5.  MEASUREMENTS 

5.1.  0.8  micron  thick  GaAs  photocathode  —  Spectra  vs.  temperature 

The  energy  spectra  of  electrons  emitted  from  a  GaAs  photocathode  Zn-doped  to  -lO^^cm"^  ,  approximately 
0.8  microns  thick,  were  measured  at  several  different  temperatures  and  conditions  of  the  CsO  activating 
layer.  Figure  2  shows  energy  spectra  for  215  K  and  300  K.  The  quantum  efficiency  of  the  cathode  for  the 
633nm  illumination  used  was  15.7%  and  10.6%  for  215  K  and  300  K  respectively.  The  higher  quantum 
efficiency  may  be  due  to  a  longer  diffusion  length  in  the  bulk  at  low  temperatures.  The  electron  energy  for 
all  the  presented  spectra  is  inferred  from  the  low-energy  cutoff  of  the  dl/dV  curve,  which  corresponds  to  the 
vacuum  level.  This  cutoff  is  usually  fairly  sharp  (falling  to  almost  zero  in  less  than  30meV).  The  electron 
energy  for  the  dl/dV  curve  is  then  defined  as  the  difference  between  the  applied  voltage  and  the  voltage  at 
which  the  cutoff  takes  place.  In  figure  2,  the  cathode  was  assumed  to  have  the  same  vacuum  level  at  both 
temperatures,  so  that  the  two  curves  could  be  compared.  This  assumption  gave  the  correct  value  for  the 
movement  of  the  conduction  band  minimum  (CBM)  with  temperature,  to  within  5meV. 
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electron  energy  in  eV 

Figure  2.  Energy  spectra  from  a  1  micron  thick  GaAs  photocathode  at  215K  and  300K,  633nm 
illumination.  Electron  energies  referenced  to  vacuum  level  of  215K  spectrum. 
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In  addition  to  the  vacuum  level  cutoff  (at  zero  electron  energy,  by  definition),  several  other  features  of  the 
spectra  can  be  seen.  The  distributions  rise  to  a  peak  which  presumably  consists  of  electrons  which 
thermalized  in  the  bulk  and  were  emitted  with  minimal  energy  loss.  In  this  case,  these  electrons  seem  to 
represent  a  large  proportion  of  the  emitted  current.  Since  the  thermalized  electrons  enter  the  band  bending 
region  with  a  Maxwell-Boltzmann  distribution  of  energies  with  respect  to  the  bulk  CBM,  the  position  of 
the  peak  should  correspond  to  the  bulk  CBM,  plus  a  factor  of  roughly  kT.  The  215K  peak  can  be  seen  to 
be  higher  than  the  300K  peak,  due  to  the  increase  in  band  gap  at  lower  temperatures  (the  Fermi  level  should 
not  move  appreciably  with  temperature  because  of  the  degenerate  doping  of  the  semiconductor). 

The  electrons  lower  in  energy  than  the  peak  are  those  that  have  escaped  after  losing  some  energy  to  phonon 
scattering  in  the  cathode.  This  part  of  the  curve  can  be  seen  to  be  slightly  lower  in  the  215K  curve.  This 
fact  can  be  explained  by  the  lower  phonon  density  at  215K. 

The  spectra  immediately  above  the  peak  in  energy,  in  the  energy  range  0.1 1  -  0.21  eV,  are  dominated  by  the 
high-energy  tail  of  the  Maxwell-Boltzmann  distribution.  This  part  of  the  spectra  fits  well  to  M-B 
distributions  at  the  appropriate  temperature  for  both  curves.  The  greater  slope  of  the  215K  curve  is  clearly 
seen. 

The  spectra  above  0.25  eV  are  dominated  by  hot  electrons,  which  are  present  because  of  the  relative  thinness 
(0.8  microns)  of  the  cathode  compared  to  the  absorption  depth  of  633nm  light  (approx.  0.3  microns);  the 
active  region  absorbs  only  approximately  93%  of  the  light  that  reaches  it,  leading  to  a  significant,  but 
small,  intensity  of  light  near  the  photocathode  surface.  The  hot  electrons  have  energies  extending  at  least 
up  to  0.4eV  above  the  spectral  peak,  which  is  not  surprising  considering  the  photon  energy  (1.96eV), 
which  can  generate  electrons  with  energies  of  up  to  0.54  eV  above  the  bulk  CBM. 
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5.2.  0.8  micron  thick  GaAs  photocathode  —  Spectrum  in  an  overcesiated  state 


The  balance  of  Cs  and  O  in  the  activation  layer  has  strong  effect  on  the  vacuum  level.  The  energy  spectrum 
of  figure  3  is  from  the  same  cathode  as  above,  but  in  an  overcesiated  state,  with  the  vacuum  level 
approximately  lOOmeV  higher.  A  baking  treatment  later  corrected  the  stoiciometric  balance  (and/or  altered 
the  structure  of  the  activation  layer)  and  lowered  the  vacuum  level  to  fully  activate  the  cathode;  the  figure  2 
data  were  obtained  after  this  treatment.  The  quantum  efficiency  for  the  overcesiated  cathode  was  2.2%  for 
633nm  illumination. 

The  crispness  and  asymmetry  of  the  distribution  below  attest  to  the  resolution  of  the  parallel-plate  retarding 
technique.  The  vacuum  level  cutoff  is  very  sharp,  and  the  only  escaping  electrons  are  the  high-energy  M-B 
tail  and  the  hot  electrons.  The  FWHM  of  the  distribution  is  approximately  50meV,  the  lowest  room 
temperature  energy  spread  ever  reported  from  an  NEA  photocathode. 


Figure  4.a.  Energy  spectra  from  a  0.5  micron  thick  GaAs  photocathode  at  three  different  wavelengths  — 
490nm  (dashed  line);  650  nm  (dash-dot  line);  and  750  nm  (solid  line) 
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5.3.  0,5  micron  thick  GaAs  photocathode  —  Variations  in  wavelength.  ”hot”  electrons 


Energy  spectra  were  also  obtained  from  a  similarly  doped  and  activated  GaAs  photocathode  grown  with  a  0.5 
micron  thick  active  region.  In  this  case  the  hot  electrons  can  form  a  significant  part  of  the  spectrum,  as 
shown  in  figures  4.a.  and  4.b.,  where  the  spectra  for  490  nm,  650  nm,  and  750  nm  light  are  shown.  The 
curves  are  scaled  to  have  the  same  integrated  area.  Using  published  absorption  coefficients^  the  percent  of 
the  light  that  reaches  the  front  surface  of  the  photocathode,  neglecting  reflection  and  all  absorption  outside 
of  the  active  region,  can  be  calculated:  3.6%  for  490nm,  19%  for  650nm,  and  60%  for  750  nm.  Thus  the 
490  nm  spectrum  can  be  taken  as  a  distribution  almost  entirely  derived  from  electrons  thermalized  in  the 
bulk,  except  for  a  relatively  small  high  energy  tail.  The  vacuum  level  seems  to  be  somewhat  higher  than 
of  the  cathode  discussed  above,  due  to  the  closeness  of  the  spectral  peak  to  the  vacuum  level  cutoff.  The 
650  nm  spectrum  is  clearly  distorted  by  the  presence  of  hot  electrons  at  energies  significantly  above  (0.1- 
0.3V)  the  peaks  of  the  distributions,  which,  judging  from  their  ‘Youndness"  on  the  low  energy  side,  are 
probably  close  to  the  CBM  and  the  thermal  distribution  peak.  This  roundness  is  in  contrast  to  the  peak  of 
figure  3,  which  is  sharply  cut  off  on  the  vacuum  level  side,  implying  that  the  peak  of  the  thermal 
distribution  (and  thus  the  CBM)  is  below  the  vacuum  level.  The  750  nm  curve  is  narrower  than  the  650 
nm  curve,  due  to  the  lower  energy  of  the  incident  photons,  but  comparison  with  the  490  nm  data  reveals  the 
presence  of  a  significant  number  of  hot  electrons.  At  this  wavelength,  however,  it  is  difficult  to  distinguish 
between  electrons  emitted  "hot”  and  electrons  emitted  after  thermalizing  in  the  bulk. 
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Figure  4.b.  magnifies  the  vertical  scale  so  that  the  high  energy  tails  (consisting  almost  entirely  of  hot 
electrons)  can  be  seen  up  to  the  maximum  energy.  The  highest  energy  electrons  emitted  with  750  nm 
illumination  have  an  energy  of  approximately  0.36  eV,  which  is  surprising  because  this  represents  an 
energy  approximately  0.29  eV  above  the  490  nm  peak,  which  is  likely  to  be  above  the  bulk  CBM;  since 
750  nm  radiation  has  an  energy  of  1.65  eV,  it  should  only  be  able  to  excite  electrons  to  an  energy  of 
~0.23eV  above  the  CBM,  assuming  a  bandgap  of  1.42eV.  The  higher  energy  electrons  may  arise  from 
phonon  absorption,  or  possibly  work  function  variation  on  the  collector  or  vacuum  level  variation  on  the 
cathode. 

The  650  nm  distribution  cuts  off  at  roughly  0.56eV,  0.49  above  the  490  nm  curve's  peak,  corresponding 
well  with  the  energy  of  the  photons  (1.9  eV,  translating  to  a  maximum  energy  of  -0.48  above  the  vacuum 
level).  The  490  nm  distribution  has  no  clear  cutoff,  which  is  expected  because  the  2.52  eV  photons  can  lift 
an  electron  l.leV  above  the  bulk  CBM,  well  beyond  the  range  of  the  energy  scan. 

The  energy  spectra  are  seen  to  be  in  good  agreement  with  the  general  picture  of  energy  spectra  from  GaAs 
NEA  photocathodes,  of  a  vacuum  level,  a  thermal  peak  corresponding  to  the  bulk  CBM  with  a  M-B  tail  and 
hot  electrons  higher  in  energy.  The  scattered  electron  part  of  the  spectrum  could  not  be  distinguished 
because  of  the  slightly  higher  vacuum  level  in  this  case. 


Figure  13.  Energy  spectrum  from  GaAsP  photocathode,  bandgap  ~1.85eV,  32.5%  Q.E.  @  530nm  . 


5.4.  GaAsP  Energy  Spectrum 

It  is  interesting  to  compare  GaAs  energy  spectra  to  those  from  a  higher  bandgap  material.  The 
energy  spectrum  from  GaAsP  with  a  bandgap  of  -1.85  eV  was  measured  in  a  very  short,  simple  tube  with 
no  specialized  electrodes;  the  collection  surface  was  the  phosphor  itself,  which  was  -750  microns  above  the 
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surface  of  the  cathode.  The  cathode  had  high  Q.E.  (-'1600uA/]m)  and  was  doped  to  ^5el  8.  Due  to  its  higher 
bandgap  the  GaAsP  has  much  higher  NEA  (the  Cs-0  layer  lowers  the  work  function  to  about  the  same 
level  for  both  materials),  and  this  results  in  a  much  wider  energy  spectrum,  as  much-scattered  electrons  can 
still  escape.  However,  the  amount  of  scattering  taking  place  seems  to  be  much  greater,  as  the  high  energy 
thermal/CBM  peak  is  missing.  The  increased  scattering  can  be  attributed  to  the  wider  BB  region,  caused  by 
increased  NEA  and  lower  doping,  as  well  as  greatly  increased  intervalley  scattering  due  to  the  high-mass  X 

and  L  valleys  being  closer  to  the  H  valley. 


SUMMARY 


The  special  tubes  described  in  Part  1  (and  one  simpler  GaAsP  tube)  were  used  to  measure  the  energy  spectra 
of  a  different  cathodes  at  different  temperatures,  activation  layer  conditions,  and  wavelengths,  A  high 
resolution  spectrum  from  a  fully  activated  GaAs  NEA  photocathode  can  be  divided  into  several  pieces,  each 
of  which  indicates  some  properties  of  the  photocathode  system  —  the  vacuum  level  cutoff,  the  scattered 
electron  distribution,  the  thermal  peak,  the  high-energy  Maxwell-Boltzmann  tail,  and  the  hot  electrons 
each  of  which  (except  for  the  vacuum  level)  may  or  may  not  be  observable  in  a  given  spectrum.  This 
picture  was  shown  to  be  consistent  with  the  presented  spectra.  Lowering  the  temperature  of  the  cathode  to 
215K  narrows  the  M-B  distribution  and  decreases  the  number  of  scattered  electrons.  The  position  of  the 
CBM,  as  seen  by  the  thermal  peak,  moves  upward  in  energy.  The  energy  spread  of  the  electrons  emitted 
from  the  GaAs  cathodes  was  typically  less  than  150meV,  with  one  distribution  having  a  FWHM  energy 
spread  of  approximately  50m eV,  the  lowest  room  temperature  energy  spread  from  an  NEA  photocathode 
ever  reported.  Hot  electrons  were  seen  to  be  a  significant  part  of  the  energy  spectrum  for  a  0.5  micron  thick 
GaAs  photocathode,  and  their  distribution  seemed  consistent  with  the  picture  of  the  energy  spectrum 
developed  above  and  known  wavelength-dependent  absorption  coefficients.  Data  from  a  GaAsP  cathode 
showed  the  effects  of  higher  NEA  and  increased  scattering,  as  the  distribution  was  wider  (-'0.6  eV),  with  no 
evidence  of  a  thermal  peak  corresponding  to  the  CBM. 
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Abstract 

Factors  affecting  the  brightness  of  negative  electron  affinity 
photocathodes  have  been  investigated  experimentally  and 
theoretically.  The  results  of  a  two-dimensional  model  of 
electron  dynamics  in  the  cathode,  including  the  effects  of 
surface-trapped  electrons,  are  presented.  Emission  is  seen  to 
be  cut  off  in  the  central  emission  area  at  high  current  levels. 

The  angular  distribution  is  compared  to  a  cosine  distribution 
based  on  an  energy  spectrum  obtained  from  the  same  cathode. 

While  superior  to  the  cosine  distribution  with  respect  to  its 
forward  focusing  properties,  it  is  far  wider  than  previous 
theory  has  suggested. 

Introduction 

NEAPCs  (negative  electron  affinity  photocathodes)  have  been 
used  for  a  decade  or  more  in  infrared  detection  equipment  as 
well  as  in  specialty  electron  guns  for  high  energy  physics  and 
magnetic  materials  analysis.  The  potential  of  the  NEAPC  to 
be  an  extremely  flexible,  high  performance  electron  source 
for  demanding  electron  beam  applications  has  recently  been 
demonstrated.  (1)  (2)  Energy  spreads  as  small  as  50  meV  at 
room  temperature  have  been  demonstrated.  Moreover, 
brightnesses  of  10^  A/cm^-sr  at  3kV  have  been  measured;  this 
figure  is  comparable  to  that  of  field  emission  sources.  The 
diameter  of  the  emission  area  in  this  case,  1.7  |im  (with  the 
potential  for  much  smaller  emission  areas),  obtained  with  a 
single  laser  beam  on  an  18  mm  diameter  cathode,  suggests  the 
possibility  of  massively  parallel  beam  emission  using  multiple 
laser  beams  or  patterned  illumination.  The  picosecond-scale 
switching  time  of  the  cathode  has  already  been  demonstrated, 
as  well  as  precision  control  of  emission  by  modulation  of  the 
illuminating  light.  (3) 

The  structure  and  principle  of  photoemission  from  a  NEAPC 
is  illustrated  schematically  in  Figure  1.  The  photocathode 
consists  of  a  semiconductor,  usually  a  III-V  compound  such 


as  GaAs,  heavily  p-doped  (1-5x10^^  cm'^)  so  as  to  raise  the 
conduction  band  relative  to  the  Fermi  level.  The  clean 
semiconductor  surface  is  coated  with  a  layer  of  Cs  and  O  a 
few  monolayers  thick.  This  activation  layer  lowers  the  work 
function  so  that  the  conduction  band  in  the  bulk  is  above  the 
vacuum  level,  a  condition  of  negative  electron  affinity.  If 
electrons  are  excited  into  the  conduction  band  within  a 
diffusion  length  (typically  a  few  pm)  of  the  surface,  many  of 
them  will  diffuse  to  the  surface  where  they  will  have  a  high 
probability  of  escaping  into  vacuum.  (4)  (5)  The  work 
described  below  was  performed  on  cathodes  sealed  in 
modified  night  vision  tubes.  Their  structure  has  been 
discussed  elsewhere.  (1) 


Cs  +  O  Vacuum 

Activation 
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. . > 
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Figure  1:  Band  diagram  of  NEAPC,  with  schematic  depiction  of  emission 
process. 


The  mechanisms  determining  brightness  in  NEAPCs  have  not  action  reduces  their  sheet  density,  and  thus  reduces  their 

previously  been  investigated  in  detail.  This  fact,  combined  impact  on  the  vacuum  level.  The  lateral  electric  field 

with  the  importance  of  brightness  in  electron  beam  systems,  produced  by  their  charge  will  also  promote  lateral  movement, 

motivated  this  work.  Cathode  brightness  is  governed  both  by  Based  on  this  reasoning,  the  current  density  from  a  micron- 

the  current  density  at  the  cathode  surface  and  by  the  angular  scale  emission  spots  has  been  investigated  and  found  to  be 

distribution  of  the  emitted  electrons.  As  these  two  factors  are  approximately  two  orders  of  magnitude  higher  than  previous 

controlled  by  different  mechanisms,  they  will  be  discussed  measurements  which  had  used  spot  sizes  generally  larger 

separately.  than  100  pm. 


Brightness:  Measurements  and  Modeling  of  Surface 
Effects 

The  ability  of  NEAPCs  to  emit  electrons  is  determined  by  the 
position  of  the  vacuum  level.  The  cutting-off  of  electron 
emission  by  movement  of  the  vacuum  level  is  illustrated  in 
Figure  2,  which  shows  energy  spectra  (dl/dV  curves)  from  a 
GaAs  cathode  undergoing  successive  bakes  to  improve  the 
activation.  The  basic  structure  of  energy  spectra  from 
NEAPCs  is  discussed  elsewhere.  (2) 

If  an  electron  reaches  the  surface  with  energy  less  than  the 
vacuum  level,  it  cannot  escape.  Since  the  electrons  reach  the 
surface  with  a  range  of  energies,  changes  in  the  vacuum  level 
alter  the  probability  that  an  electron  reaching  the  surface  will 
escape  into  vacuum. 

6  I  1  1 - 1 - 1 - 1 - , 
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Figure  2:  Energy  spectra  for  GaAs  photocathode  after  successive  bakes, 
showing  movement  of  vacuum  level. 

Electrons  which  lose  too  much  energy  to  escape  are  trapped 
at  the  surface  of  the  cathode  until  they  can  recombine  with 
holes  in  the  bulk.  If  the  current  density  is  high,  the  charge  of 
these  trapped  electrons  can  raise  the  vacuum  level  relative  to 
the  bulk,  cutting  off  emission.  These  electrons  eventually 
recombine  with  holes  tunneling  through  the  depletion  region. 
However,  the  trapped  electrons  will  diffuse  laterally  in  the 
surface  layer  especially  if  the  emission  area  is  small.  This 


To  investigate  this  effect  further  a  computer  simulation  of  the 
interaction  between  trapped  and  emitted  electrons  has  been 
created.  The  simulation  program  consists  of  three  modules:  a 
simulation  of  the  electrons  in  the  bulk,  a  simulation  of  the 
trapped  electrons,  and  a  master  program  that  controls  iteration 
between  the  two  modules  until  they  agree  to  within  a 
specified  accuracy. 

The  first  simulation  is  a  model  of  the  excitation  of  electrons 
into  the  conduction  band  by  an  incident  light  beam  and  their 
subsequent  diffusion.  Due  to  the  rotational  symmetry  of  the 
problem,  only  2  dimensions  are  needed:  radial  (r)  and  depth 
(z).  The  excitation  beam,  consisting  of  633  nm  light,  has  a 
gaussian  distribution  in  the  r  direction,  with  an  exponential 
decline  toward  the  surface.  The  module  obtained  the  steady- 
state  distribution  of  conduction-band  electrons  by  directly 
simulating  the  diffusion  of  the  electrons  from  an  initial 
distribution  using  the  given  excitation,  ordinary  bulk 
diffusion,  and  certain  boundary  conditions.  On  the  back  face 
of  the  GaAs  active  region,  the  AlGaAs  interface,  diffusion  is 
assumed  to  be  zero.  For  radial  distances  greater  than  twenty 
times  the  nominal  (gaussian)  radius  of  the  illuminated  spot, 
the  electron  density  is  set  at  zero.  The  effective 
recombination  velocity  on  the  CsO/vacuum  interface  varies 
with  radius  due  to  the  presence  of  the  surface-trapped 
electrons.  On  the  first  iteration,  the  recombination  velocity  is 
determined  by  an  initial  guess;  on  subsequent  iterations,  the 
values  are  passed  fi'om  the  second  module. 

The  second  module  determined  the  1 -dimensional 
distribution  of  surface  charge  density.  Once  again  the 
diffusion  equations,  in  this  case  the  equations  for  one¬ 
dimensional  radial  diffusion,  were  used.  The  generation  rate 
in  each  annulus  was  determined  by  the  density  of  bulk 
electrons  near  the  surface,  (r),  as  calculated  by  the  first 
module.  The  electrons  were  assumed  to  diffuse  into  the 
surface  region  with  thermal  velocities,  v^  =  (kT/m)''^,  with  all 
of  these  electrons  either  escaping  into  vacuum,  returning  to 
the  bulk,  or  becoming  trapped  and  later  recombining.  A 
fixed  fraction,  0.6  v.^-  (r),  were  assumed  to  become 

trapped.  The  fraction  escaping  into  vacuum  was  determined 
by  the  expression 

0.4-  V.,-  n^(r)  ■(  NBA  -  q  ■  x^^  •  n.(r)/  e.)  /  NEA,  (1) 


where  Xgg  is  the  band-bending  region  width,  n/r)  is  the  local 
surface  charge  density,  and  NBA  is  the  initial  value  of  the 
cathode  NEA.  The  effective  recombination  velocity  used  for 
the  bulk  calculations  is  the  total  of  these  two.  Recombination 
of  the  trapped  electrons  is  assumed  to  follow  an  exponential 
dependence  on  the  movement  of  the  vacuum  level,  in  the 
same  manner  as  thermionic  emission,  which  is  thought  to  be 
the  main  route  of  recombination  for  trapped  electrons  in  most 
cathodes.  The  recombination  rate  is  defined  for  a  vacuum 
level  raised  by  O.IV. 

The  physical  parameters  used  in  the  simulation  are  shown  in 
Table  1;  they  are  meant  to  replicate  the  conditions  under 
which  the  high  brightness  results  have  been  obtained 
previously.  While  many  of  them  are  accepted  approximate 
values,  two  surface  parameters  are  rather  crude  estimates. 
The  mobility  of  the  electrons  on  the  surface  is  projected  to  be 
two  orders  of  magnitude  lower  than  the  bulk  mobility,  with 
the  doping  having  only  a  very  small  effect.  (6)  The  rate  of 
recombination  of  the  electrons  is  estimated  from  data 
obtained  by  Herrera-Gomez  in  observing  the  behavior  of 
nanosecond-scale  pulses  from  GaAs  NEAPCs.  (7) 

The  results  obtained  using  these  parameters  are  shown  in 
Figure  3.  For  18.5  |liA  of  emission  current,  the  emission  area 
is  mainly  determined  by  the  spreading  of  the  electrons  as  they 
diffuse  to  the  surface;  for  the  higher  current  levels,  emission 
decreases  and  is  finally  blocked  off  in  the  center.  The 
maximum  current  density  at  the  center  is  reached  between 
18.9  and  43.5  jiA,  and  on-axis  brightness  actually  decreases 
with  increasing  current  above  this  level.  This  paradoxial 
behavior  is  easily  understood  in  terms  of  the  behavior  of  the 
trapped  electrons,  which  have  the  greatest  concentration  at  the 
center;  they  thus  tend  to  block  emission  from  the  center  first. 
The  electrons  are  then  forced  to  diffuse  further  from  the 
center  to  be  emitted. 


Parameter 

Value 

Temperature 

300  K 

Initial  NEA 

0.2  eV 

Cathode  thickness 

1.5  microns 

Light  spot  (diameter) 

0.7  microns 

_ _ 

10  nm 

Recombination  rate  at  O.IV 

10^  sec’^ 

Conduction  electron  lifetime 

2  nsec 

Bulk  electron  mobility 

5(X)  cm^A^-sec 

Surface  electron  mobility 

^  80cm^A^-sec 

Table  1.  Parameters  used  for  the  cathode  simulation. 


The  results  of  the  simulation  indicate  a  somewhat  larger 
diameter  of  emission  than  was  observed;  it  is  possible  that  the 
actual  cathode’s  thickness  was  somewhat  less  than  its  nominal 
value,  as  it  is  difficult  to  measure  this  in  the  tube.  The  current 
density  seems  to  be  limited  to  approximately  300  A/cm^, 


somewhat  less  than  the  841  A/cm^  previously  calculated  (1), 
but  within  the  correct  order  of  magnitude,  which  is  the  best 
that  can  be  expected  given  the  level  of  accuracy  of  the 
parameters. 

It  has  not  yet  been  possible  to  observe  the  dependency  of  the 
shape  and  size  of  the  emission  area  on  current  at  such  high 
current  densities.  A  demountable  UHV  NEAPC-based 
electron  gun  and  a  beam  analysis  chamber  are  currently  being 
constructed  to  measure  these  and  other  important  properties 
of  high  brightness  NEAPC  emission. 


Figure  3:  Light  intensity  versus  radius  and  simulation  results  showing 
current  density  versus  radius  for  three  emission  levels.  Note  the  spread  of 
electrons  from  light  spot  due  to  bulk  diffusion  and  the  cut  off  at  center  for 
high  current. 

Angular  Spread 

When  the  electrons  enter  the  surface  band-bending  region,  the 
energy  of  their  motion  in  the  lateral  direction  (parallel  to  the 
surface)  is  of  the  order  of  kT.  The  fields  in  the  band-bending 
region  accelerate  the  electrons  toward  the  surface,  presumably 
lending  them  momentum  only  in  the  surface  normal  direction. 
When  the  electrons  are  released  from  the  solid  they  undergo  a 
change  in  quantum-mechanical  wavelength  due  to  the 
difference  between  their  effective  mass  in  the  GaAs  (0.067 
m^),  and  their  mass  in  vacuum  (m^).  For  a  perfect  interface 
this  change  of  wavelength  should  lead  to  a  quantum- 
mechanical  refraction  analogous  to  Snell’s  law  which  focuses 
the  electrons  toward  the  surface  normal,  reducing  the  energy 
of  their  lateral  motion  by  a  factor  equal  to  the  ratio  of  the 
semiconductor  and  vacuum  effective  masses.  These  ideas 
have  led  several  workers  to  predict  extremely  low  lateral 
energies  for  electrons  emitted  from  NEA  cathodes.  (8) 
However,  in  practice  much  larger  angular  spreads  have  been 
observed.  (9) 


To  gauge  the  degree  of  forward-focusing  of  the  electrons 
emitted  from  a  GaAs  NEAPC,  the  energy  spectrum  and 
angular  spread  have  been  measured  on  the  same  cathode.  The 
energy  spectrum  shown  in  Fig.  5  was  obtained  by  the  parallel- 
plate  approach  described  elsewhere.  (2)  A  theoretical  angular 
distribution  was  calculated  based  on  this  energy  spectrum, 
assuming  that  all  of  the  electrons  were  emitted  in  a  cosine 
distribution,  Le.  in  the  manner  of  a  perfect  Lambertian 
emitter.  Figure  6  compares  this  calculated  distribution  to  the 
actual  distribution  measured  from  a  phosphor  image  by  a 
technique  detailed  previously.  (1)  The  cathode  was  0.5 
micron-thick  GaAs  doped  to  -10*^  cm'^,  activated  with  Cs 
and  O. 
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Figure  4:  Energy  spectrum  used  to  derive  cosine  angular  distribution.  Only 
elecu-on  energies  greater  than  zero  are  used. 


Figure  5:  Angular  distribution  from  GaAs  NEAPC  compared  with  cosine 
distribution  calculated  from  energy  spectrum  of  Figure  4. 


Clearly,  the  actual  emitted  electrons  are  considerably 
more  forward-focused  than  the  cosine  distribution;  however, 
the  spread  is  much  larger  than  previous  theory  has  predicted. 
Previous  workers  have  tried  to  explain  the  width  of  the 
angular  spread  in  terms  of  micropitting,  which  presumably 
occurs  during  the  heat  cleaning  process.  (10)  Micropitting 
could  play  a  role  on  some  cathodes,  but  in  this  case 
micropitting  can  almost  certainly  be  ruled  out  because 
cathodes  which  have  gone  through  similar  processing  have 
been  found  to  be  flat  on  a  nanometer  scale.**  Other  sources 
of  deviation  from  the  idealized  model  are  the  nonuniform 
distribution  of  dopant  atoms  in  the  band-bending  region, 
irregularities  in  the  GaAs/CsO  interface,  and  scattering  in  the 
CsO  layer.  The  combined  effects  of  these,  and  possibly  some 
other  mechanisms  widen  the  angular  spread  far  beyond  that 
predicted  by  simple  theoretical  models. 

Conclusion 

However,  the  fundamental  factors  influencing  brightness  of 
NEAPCs  have  not  been  fully  investigated.  A  computer 
simulation  has  been  created  which  models  the  interaction  of 
surface  trapped  electron  with  bulk  and  emitted  electrons. 
Profound  changes  in  emission  area  size  and  shape  are 
observed  at  high  current  levels.  Angular  spread 
measurements  have  been  compared  with  a  theoretical  angular 
distribution  generated  using  a  Lambertian  model  and  an 
experimental  energy  spectrum  from  the  same  cathode.  Many 
questions  have  been  raised  by  this  work  which  will  be 
addressed  using  a  flexible  ultra-high  vacuum  analysis  system 
which  is  under  construction. 
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The  throughput  of  electron  beam  lithography  has  historically  been  limited  by  electron -electron 
interactions  that  cause  blurring  at  high  currents.  We  present  a  system  configuration  for  maskless 
parallel  electron  beam  lithography  using  a  new  multiple  primary  source  technology  that,  by 
employing  widely  spaced  beams,  significantly  reduces  this  problem.  The  proposed  source 
technology,  a  negative  electron  affinity  (NEA)  photocathode,  allows  us  to  generate  an  array  of  high 
brightness,  low  energy  spread,  independently  modulated  beams  over  a  large  area.  In  order  to  assess 
the  effects  of  electron-electron  interactions  in  this  system,  Monte  Carlo  simulations  have  been 
performed.  The  results  of  these  calculations  indicate  that  this  configuration  enjoys  significant 
advantages  over  existing  maskless  systems.  By  restricting  the  area  of  emission  for  the  individual 
beamlets  to  submicron  dimensions,  the  blurring  due  to  statistical  electron -electron  interactions  can 
be  significantly  reduced  for  a  given  current  at  the  wafer.  For  example,  at  50  kV  a  total  current  of 
more  than  2.5  yuA  can  be  obtained  with  less  than  10  nm  beam  blurring.  Preliminary  experimental 
results  suggest  that  high  brightness  emission  can  be  maintained  from  a  NEA  photocathode  in  a 
demountable  vacuum  system.  ©  1996  American  Vacuum  Society. 


L  INTRODUCTION 

One  subject  of  intense  research  in  recent  years  has  been 
the  possibility  of  increasing  the  throughput  of  electron  beam 
direct  write  technology  to  be  competitive  for  wafer  produc¬ 
tion  for  linewidths  of  0.1  /jm  and  below.  It  has  been  recog¬ 
nized  that  the  most  straightforward  way  of  achieving  higher 
throughput  direct  write  equipment  is  to  dramatically  increase 
the  current  in  the  electron  beam  column  (without  increasing 
the  landing  energy).  Several  prototype  systems  have  been 
proposed  which  rely  on  the  generation  of  an  extended,  high- 
current  (several  microamps)  exposing  beam  for  electron  or 
ion  image  projection.  Other  proposed  systems  have  in¬ 
cluded  the  use  of  a  large  array  of  secondary  sources  or  blank¬ 
ing  apertures  following  a  wide-area,  collimated  beam.^’^  It 
has  been  suggested,  however,  that  by  using  multiple  primary 
sources,  useful  throughput  may  be  achieved  for  total  currents 
at  the  wafer  between  0.5  and  a  few  microamps.^  Here  we 
propose  a  new  system  configuration  in  which  multiplexed 
primary  sources  illuminate  the  wafer  through  the  use  of  a 
simple,  two  lens  demagnifying  projection  system.  Because 
the  system  employs  an  array  of  independently  modulated 
Gaussian  beams,  a  raster  scan  system  can  be  used  that  has 
the  advantage  of  being  maskless.  The  centerpiece  of  this  con¬ 
figuration  is  a  new  parallel  electron  source  technology  cur¬ 
rently  under  development  in  our  laboratory. 

The  proposed  source,  a  negative  electron  affinity  (NEA) 
photocathode,  has  thus  far  been  used  in  high  efficiency  im¬ 
age  intensifiers  for  night  vision  applications,  as  well  as  in 
specialty  electron  sources  for  experimental  particle  physics. 
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Recently,  however,  Baum  et  al  demonstrated  excellent 
source  properties  experimentally  in  specially  modified  night 
vision  tubes. Beam  brightnesses  of  1X10^  A/(cm^  sr) 
from  a  1.7  fjm  diameter  illuminating  spot,  as  well  as  energy 
spreads  of  50-200  meV,  have  been  measured.  In  addition  to 
these  properties,  NEA  photocathodes  also  exhibit  highly  uni¬ 
form  emission  to  within  5%  over  a  large  area  (100  mm^),  and 
have  picosecond-scale  switching  times. Moreover,  since 
these  cathodes  are  fabricated  from  GaAs,  they  may  be  ex¬ 
cited  with  visible  red  diode  lasers  at  635  nm.  These  diode 
lasers  have  the  advantages  that  they  may  be  modulated  at 
gigahertz  rates,  and  are  available  in  an  off-the-shelf  array 
format.  The  cathodes  themselves  may  also  be  easily  custom¬ 
ized  using  band  gap  engineering  and  lithography  techniques 
developed  for  technologically  mature  III-V  materials  sys¬ 
tems. 

For  many  years,  the  importance  of  electron-electron  in¬ 
teractions  in  moderate  to  high-current  probe  forming  systems 
has  been  known. These  interactions  produce  three  basic 
effects  which  are  pertinent  to  system  design.  Stochastic  in¬ 
teractions  between  electrons  can  cause  broadening  of  the  en¬ 
ergy  distribution  of  electrons  in  the  beam;  this  phenomenon 
is  known  as  the  Boersch  effect.  Stochastic  interactions  also 
give  rise  to  the  trajectory  displacement  effect,  which  leads  to 
a  blurring  of  the  final  probe  beam  diameter  at  the  image 
plane.  The  global  space  charge  effect  in  the  beam  gives  rise 
to  defocusing  and  can  generally  be  corrected  for  by  control¬ 
ling  lens  strength.  Because  the  Boersch  and  trajectory  dis¬ 
placement  effects  cannot  be  corrected  for,  they  are  of  pri¬ 
mary  concern  to  us  in  this  study.  There  has  been  a  body  of 
work  on  the  simulation  of  these  effects  in  electron  beam 
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3.  Phonon  scattering  relaxes  electron  energy 
to  condjction  band  minimum,  electron 
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Fig.  1.  Band  diagram  of  a  NEA  photocathode  with  a  schematic  of  the 
photoemission  process. 


instruments,  including  two  programs  commercially  available 
for  this  purpose. We  have  developed  a  simulator  which  is 
optimized  for  the  modeling  of  multiplexed  primary  and  sec¬ 
ondary  sources,  and  for  large  numbers  of  electrons.  In  this 
article,  we  present  an  analysis  of  electron-electron  interac¬ 
tion  effects  in  a  proposed  NEA  photocathode-based  parallel 
electron  beam  direct  write  system. 

II.  THE  PHYSICS  OF  NEGATIVE  ELECTRON 
AFFINITY 

The  structure  and  principle  of  photoemission  from  an 
NEA  photocathode  is  illustrated  schematically  in  Fig.  1.  The 
photocathode  consists  of  a  semiconductor,  usually  a  III-V 
compound  such  as  GaAs,  epitaxially  grown  on  top  of  a  dif¬ 
fusion  blocking  layer.  This  structure  is  bonded  to  a  glass 
substrate,  which  has  a  antireflection  coating  on  one  side.  The 
substrate  provides  the  mechanical  rigidity  necessary  to  en¬ 
sure  the  physical  ruggedness  of  the  overall  cathode  structure. 
The  semiconductor  layer  itself  is  heavily  p -doped 
(1-5X10^^  cm“^)  so  as  to  raise  the  conduction  band  relative 
to  the  Fermi  level.  The  clean  semiconductor  surface  is  coated 
with  a  layer  of  Cs  and  O  a  few  monolayers  thick.  The  acti¬ 
vation  layer  lowers  the  work  function  so  that  the  conduction 
band  in  the  bulk  is  above  the  vacuum  level,  a  condition  of 
negative  electron  affinity.  If  electrons  are  excited  into  the 
conduction  band  within  a  diffusion  length  (typically  a  few 
microns)  of  the  surface,  many  of  them  will  diffuse  to  the 
surface  where  they  will  have  a  high  probability  of  escaping 
into  the  vacuum. The  electrons  in  a  transmission  mode 
photocathode  may  are  excited  using  a  red  visible  laser  at 
approximately  635  nm,  which  is  focused  through  the  glass 
substrate  onto  the  thin  (~1  jmm)  semiconductor  bulk  region. 
A  diffraction-limited  illuminating  laser  spot  can  be  made  as 
small  as  0.5  /mm,  and  the  emitted  electrons  will  have  a 


Fig,  2.  Simulated  parallel  electron  beam  lithography  system  configuration 
based  on  a  negative  electron  affinity  photocathode.  Divergence  due  to  the 
accelerating  electrode  can  be  compensated  by  an  auxiliary  magnetic  lens 
and  is  absent.  The  lens  are  all  represented  as  thin  lenses. 


Gaussian  spatial  distribution  of  comparable  dimensions. 
These  emitted  electrons  may  then  be  focused  using  electron 
optics  on  the  opposite  side  of  the  photocathode  surface. 

III.  SIMULATION  OF  COULOMB  INTERACTIONS 
A.  Electron  optical  test  system  and  spot  size 

Patterning  100  nm  features  in  manufacturing  requires  the 
beam  diameter  to  be  no  more  than  30-40  nm  to  maintain 
linewidth  control.  The  proposed  design  uses  two  lenses  to 
demagnify  an  electron  source  of  diameter  of  0.5  /im  by  a 
factor  of  15  (Fig.  2).  The  minimum  beam  diameter  as  a  func¬ 
tion  of  the  convergence  angle  at  the  image  may  be  approxi¬ 
mated  by  the  quadrature  sum  of  the  beam  diameters  due  to 
each  component.  The  contributions  of  spherical  aberration, 
chromatic  aberration,  diffraction,  and  demagnification  to  the 
minimum  beam  diameter  are  shown  in  Fig.  3  for  the  values 
of  ,  and  A  V  shown.  It  is  clear  from  inspection  of  Fig. 

3  that  the  maximum  attainable  convergence  angle  at  the  wa¬ 
fer  without  significant  spherical  aberration  is  approximately 
10  mrad  corresponding  to  an  acceptance  angle  at  the  source 
of  0.67  mrad.  For  a  50  kV  beam  and  a  uniformly  distributed 


Minimum 
■  Spherical 
Chromatic 
X  Diffraction 
X  Total 


Alpha  (mrad) 


Fig.  3.  The  effects  of  aberrations  on  beam  diameter  in  the  proposed  system. 
The  system  parameters  used  are  /2  =  15  mm,  C5  =  18  mm,  Cc 
=  15  mm,  AV=0.2  eV,  and  V=50  kV. 
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energy  spread  at  the  source  of  0.2  eV,  the  total  source  diver¬ 
gence  is  2  mrad.  Taking  into  account  the  cosine  distribution 
of  the  electrons  at  the  source,  this  corresponds  to  a  current 
efficiency  of  36%  (i.e.,  36%  of  the  emitted  current  reaches 
the  target). 

If  the  diameter  of  the  source  were  reduced,  less  demagni¬ 
fication  would  be  required  for  a  given  resolution  and  this 
would  yield  greater  current  efficiency.  To  this  end,  a  similar 
system  with  0.1  fim  source  diameter  and  lens  focal  lengths 
/i=60  mm  and  /2=15  mm  was  also  simulated.  These  pa¬ 
rameters  lead  to  a  demagnification  of  four  with  a  conver¬ 
gence  angle  at  the  image  of  8  mrad,  which  corresponds  to  a 
maximum  convergence  angle  at  the  cathode  of  2  mrad  and  a 
current  efficiency  approaching  100%  for  a  240  /urn  diameter 
aperture. 

B.  Monte  Carlo  simulation  of  electron-electron 
interactions 

Electron-electron  interactions  may  be  simulated  as  a 
function  of  column  parameters  through  a  relatively  straight¬ 
forward  Monte  Carlo  simulation  process.  As  a  significant 
amount  of  work  on  this  subject  has  been  performed  and 
documented  elsewhere,  we  shall  describe  only  the  essentials 
of  the  simulation  below.  The  monograph  by  Jansen pro¬ 
vides  an  excellent  detailed  description  of  this  type  of  calcu¬ 
lation.  The  overall  strategy  is  first  to  set  the  initial  conditions 
of  electrons  at  the  source  using  a  random  number  generator 
to  fit  the  angular  and  energy  distributions  of  the  emitted  elec¬ 
trons  to  specified  parameters.  Each  electron  is  emitted  ran¬ 
domly  within  an  interval  of  time  determined  by  the  source 
emission  current.  In  each  case,  the  energy  distribution  of  the 
electrons  is  taken  to  be  uniform.  While  this  source  model 
may  not  be  wholly  accurate,  the  descriptions  of  the  velocity 
and  angular  distributions  as  a  Gaussian  and  a  cosine  distri¬ 
bution  are  consistent  with  our  earlier  experimental  observa¬ 
tions  for  NEA  photocathodes  in  sealed  tubes.^’^®  In  fact,  pre¬ 
vious  angular  distribution  measurements  indicate  that  a  slight 
forward  focusing  occurs  for  an  NEA  photocathode;  thus,  tak¬ 
ing  the  distribution  to  be  a  cosine  represents  a  conservative 
estimate. 

After  emission  from  the  cathode,  the  electrons  are  accel¬ 
erated  through  a  5  mm  field  region  to  50  kV.  There  is  a 
diverging  lens  action  at  the  accelerating  electrode  which,  if 
necessary,  can  be  compensated  by  a  magnetic  lens;  this  is 
neglected  in  our  simulations.  They  are  then  focused  through 
the  objective  lens,  after  which  they  may  be  intercepted  by  the 
aperture.  Finally,  the  electrons  are  focused  by  the  projector 
lens  onto  the  wafer.  The  convergence  angle  is  chosen  so  that 
lens  aberrations  are  negligible.  To  isolate  the  effects  due  to 
electron -electron  interactions,  the  aberration  coefficients  are 
set  to  zero.  After  the  entire  sample  of  electrons  has  been 
simulated,  a  data  collection  routine  finds  the  plane  of  best 
focus  by  calculating  the  point  at  which  the  minimum  FWq  5 
image  blurring  occurs. 

To  achieve  acceptable  statistics,  the  number  of  particles 
was  chosen  such  that  an  increase  in  the  sample  size  did  not 
affect  the  calculated  results  for  beam  blurring  and  deflection. 


Fig.  4.  FWq.s  beam  blurring  vs  beamlet  pitch  for  several  beamlet  currents. 
The  data  in  each  case  represent  the  mean  beam  blurring  in  a  four  beam 
(2X2)  system,  with  each  beam  carrying  the  indicated  current. 

For  example,  where  10  nA  beamlet  currents  were  used,  at 
least  200  particles  per  beamlet  were  simulated;  the  number 
of  particles  used  for  higher  beamlet  currents  was  propor¬ 
tional  to  the  beamlet  current  as  consistent  with  the  above 
rule.  For  the  most  part,  the  beam  statistics  are  quoted  in 
terms  of  their  FWq  5  values,  which  refer  to  the  widths  of  the 
distributions  under  which  50%  of  the  particles  fall.  This  sta¬ 
tistic  has  been  used  widely  in  the  literature  because  it  is 
relatively  insensitive  to  large  deflections  generated  by  very 
small  numbers  of  events,  such  as  the  large  deflections  en¬ 
countered  in  near  misses  between  interacting  electrons.  In 
the  parallel  beam  simulations,  the  statistics  quoted  are  aver¬ 
ages  over  the  total  number  of  beamlets. 

C.  Results 

For  an  array  of  2X2  beams  the  final  beam  properties  due 
to  the  beamlet  current  and  the  pitch  (spacing)  of  beamlets  at 
the  source  are  shown  in  Fig.  4.  For  beamlet  currents  of  up  to 
50  nA,  the  beam  blurring  (FWHM)  is  relatively  insensitive 
to  pitch;  as  the  beamlet  current  is  further  increased  the  blur¬ 
ring  becomes  significant.  For  a  beamlet  current  of  200  nA, 
the  blurring  is  9  nm  for  a  pitch  of  10  /xm,  compared  with  4 
nm  for  a  200  /xm  pitch.  A  similar  trend  may  be  seen  in  the 
values  for  the  FW0.5  energy  broadening  (Boersch  effect), 
shown  in  Fig.  5. 

To  estimate  how  the  previous  results  scale  with  higher 
total  currents,  a  small  individual  beamlet  current  (10  nA) 
with  correspondingly  small  blurring  was  taken  as  the  base 
case,  and  the  number  of  beams  was  increased.  Two  configu¬ 
rations,  one  with  a  0.5  /xm  source  diameter  and  one  with  a 
0.1  /xm  source  diameter,  were  analyzed  in  terms  of  the  blur¬ 
ring  of  the  final  image  as  a  function  of  the  total  target  current 
and  the  number  of  beams  needed  to  achieve  that  current  (Fig. 
6).  With  0.5  /xm  diameter  sources,  as  can  be  obtained  by 
focusing  the  incident  laser  light  to  a  diffraction-limited  spot, 
it  appears  that  a  beam  current  of  0.5  /xA  can  be  obtained 
before  beam  blurring  reaches  10  nm.  This  is  achieved  with 
an  array  of  144  (12X12)  beamlets  on  a  50  /xm  pitch.  By 
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Fig.  5.  FW0.5  energy  broadening  vs  beamlet  pitch  for  several  beamlet  cur¬ 
rents.  The  data  in  each  case  represent  the  mean  beam  blurring  in  a  four  beam 
(2X2)  system,  with  each  beam  carrying  the  indicated  current. 


using  beamlet  sources  of  0.1  jjm  diameter,  we  can  achieve 
over  2.5  julA  before  the  blurring  reaches  10  nm.  Thus,  there 
are  significant  advantages  to  using  smaller  sources,  which 
may  be  achieved  by  restricting  the  emission  area  on  the  cath¬ 
ode  surface. 

Spurious  deflection  of  a  beamlet  due  to  neighboring 
beamlets  is  obviously  a  concern.  While  the  beam  deflection 
does  increase  with  current  as  a  result  of  the  global  space 
charge  effect,  the  worst-case  deflection  for  256  beams  (50 
fixn  pitch)  at  a  total  current  of  2.5  /ulA  was  4  nm,  less  than 
half  the  beam  blurring. 

IV.  DISCUSSION  AND  FUTURE  WORK 

Realizing  a  practical  system  is  the  obvious  goal.  To  this 
end  we  have  a  number  of  tasks: 

(1)  Continued  modeling  of  different  column  configura¬ 
tions:  This  includes  an  analysis  of  the  effects  of  the  acceler- 


Fig.  6.  FWo.5  beam  blurring  vs  the  number  of  beams  and  total  current  at  the 
wafer  for  both  patterned  and  unpattemed  cathodes.  For  a  given  system  reso¬ 
lution,  the  patterned  cathode  requires  less  demagnification  and  requires  ap¬ 
proximately  three  times  less  current.  Thus,  for  a  given  throughput,  the  use  of 
a  patterned  cathode  results  in  significantly  less  beam  blurring. 


ating  electrode,  thick  lenses,  and  off-axis  aberrations.  One 
advantage  of  this  configuration  is  that  we  can  trade  off-axis 
aberrations  for  space  charge  effects  by  adjusting  beamlet 
pitch.  For  the  cases  we  have  considered  here  the  off-axis 
aberrations  should  not  limit  the  field  of  view.  For  example, 
16X16  sources  on  a  50  juum  pitch  represent  a  field  size  of  800 
/xm  at  the  object  and  only  200  /urn  at  the  wafer;  Munro  et  al. 
indicated  that  immersion  lenses  (such  as  that  used  in  the 
accelerating  region)  enjoy  even  lower  aberrations  than  do 
conventional  lenses. 

(2)  Experimental  verification:  Currently  under  construc¬ 
tion  in  our  laboratory  is  an  ultrahigh  vacuum  (UHV)  facility 
designed  for  the  activation  and  testing  of  NEA  photocath¬ 
odes.  The  first  part  of  the  system  consists  of  a  chamber  de¬ 
signed  for  cathode  activations  with  Cs  and  O.  This  chamber 
may  be  used  to  test  the  spectral  photoresponse  of  the  cath¬ 
odes,  as  well  as  to  test  novel  activation  procedures.  The  sec¬ 
ond  portion  of  the  facility  is  a  specially  designed  electron 
gun,  in  which  various  cathodes  may  be  inserted,  evaluated, 
and  replaced  under  vacuum.  This  electron  gun  incorporates 
specialized  electron  optics  designed  to  provide  an  optimal 
UHV  environment  for  the  cathode,  since  the  cathode  is  sen¬ 
sitive  to  surface  contamination.  The  third  and  final  portion  of 
the  system  is  a  versatile  UHV  electron  optics  column  and 
chamber  in  which  the  emitted  beam  properties  may  be  ana¬ 
lyzed.  Moreover,  this  chamber  will  serve  as  a  test  bed  for  the 
study  of  long-term  stability  and  lifetime  of  the  cathode 
source,  during  which  time  the  effects  of  various  materials 
typically  found  in  semiconductor  processing  environments 
on  cathode  performance  will  be  assessed.  To  date,  both  the 
activation  and  beam  analysis  chambers  have  been  completed. 
A  cathode  has  been  successfully  activated  to  a  state  of  nega¬ 
tive  electron  affinity  with  22%  quantum  efficiency  at  633 
nm,  and  has  been  operated  at  6  julA  for  a  period  of  time  over 
10  h  with  no  indications  of  decay  during  preliminary  stability 
and  drift  tests.  The  electron  gun  is  currently  being  as¬ 
sembled,  and  will  be  tested  soon  after  its  completion. 

(3)  Realization  of  0.1  /xm  source:  With  our  existing  cath¬ 
ode,  the  source  diameter  is  minimized  to  0.5  /xm  by  focusing 
the  laser  illumination  to  a  diffraction  limited  spot.  Smaller 
sources  will  require  a  different  approach,  such  as  patterning 
the  cathode  to  restrict  the  area  of  NEA  to  0.1  /xm  while 
retaining  high  brightness. 


V.  CONCLUSIONS 

We  have  proposed  a  simple  demagnifying  system  archi¬ 
tecture  for  high-throughput  electron  beam  lithography  which 
relies  on  a  high-performance  negative  electron  affinity  pho¬ 
tocathode  source.  Cathodes  with  different  source  diameters 
have  been  simulated,  and  resultant  beam  blurring  and  energy 
broadening  for  each  system  has  been  calculated  for  sources 
with  different  pitches  and  beamlet  currents.  The  benefits  of 
the  high-brightness,  low  energy  spread  NEA  source  have 
been  demonstrated  with  respect  to  both  current  efficiency 
and  beam  blurring.  For  the  systems  tested,  electron-electron 
interactions  do  not  appear  to  be  limiting  factor  for  a  0.1  /xm 
system  resolution  and  up  to  2.5  /xA  at  50  kV. 
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